Abstract Leaf chlorophyll quantification is a key technique in tree vigor assessment. Although many studies have been conducted on nondestructive and in-field spectroscopic determination, it is reasonable to develop speciesspecific chlorophyll indices for accurate determination, because leaf spectra can vary independently of chlorophyll content due to leaf surface and structural differences among species. The present study aimed to develop optimal reflectance and absorptance indices for estimating the leaf chlorophyll content of Cerasus jamasakura (Siebold ex Koidz.) H. Ohba var. jamasakura and Cerasus 9 yedoensis 'Somei-yoshino,' and to examine their performance by comparing them with 46 published chlorophyll indices and SPAD. For 96 and 100 leaf samples, measurements were taken using a spectroradiometer with a leaf-clip attachment and a SPAD-502 chlorophyll meter, and chlorophyll content was determined by extraction with N,N 0 -dimethylformamide. The optimal leaf chlorophyll indices were then developed systematically by testing eight types of indices.
Introduction
Flowering cherries are the most popular ornamental trees that herald the arrival of spring in Japan. Cherry blossom festivals, or Hanami, are a special feature of Japanese life. During the Hanami, all ages spend time outdoors, enjoying the beauty of the cherry blossoms by day and by night, with their family, friends, and workmates (Primack and Higuchi 2007) . Flowering cherries have been the subject of numerous poems and songs and have been depicted in paintings and textiles for more than a thousand years. Because of their great popularity and cultural significance, tree vigor assessment has been the most important issue in their management (Masuda and Iwase 1989; Satomura et al. 2005; Kume and Hioki 2006) .
Quantifying leaf chlorophylls is a key technique in tree vigor assessment because leaf chlorophyll content is an indicator of the physiological status of a plant. For trees, chlorophylls a and b (hereafter Chl a and Chl b) largely control the amount of solar radiation that a leaf absorbs, so the chlorophyll content in the canopy controls the photosynthetic potential and primary production of the tree (Lieth 1973; Larcher 2004) . Chlorophylls also respond to the plant nutrition status, especially that of nitrogen (Taiz and Zeiger 2006) , and decrease under various types of stresses (Carter 1993; Carter and Knapp 2001) .
Traditionally, chlorophyll content is determined by extraction with an organic solvent and subsequent measurement using a spectrophotometer (Arnon 1949; Porra et al. 1989 ). However, this method is often disadvantageous because it is destructive and time consuming. More recently, an alternative approach based on the spectral characteristics of a leaf has been developed that enables nondestructive, rapid and in-field determination of chlorophyll content.
The SPAD-502 (Minolta Camera Co., Japan), a commercially-available chlorophyll meter, is one of the most common nondestructive methods used to determine leaf chlorophyll content (Castelli et al. 1996; Azia and Stewart 2001; Wang et al. 2004; Netto et al. 2005; Pinkard et al. 2006; Udlling et al. 2007 ) and therefore the nitrogen status of a plant (Wang et al. 2004; Netto et al. 2005; Pinkard et al. 2006) . Although the SPAD chlorophyll meter has been successfully applied in many scientific studies, it has a few known limitations; for example, the correlation between the chlorophyll content and the SPAD value is weaker for some species than for others (Udlling et al. 2007) , and the accuracy of the instrument drops considerably above a chlorophyll level of 300 mg m -2 in grapevine leaves (Vitis labrusca 'Edelweiss') (Steele et al. 2008) . Therefore, the prediction accuracy must be examined before the instrument is applied to a leaf of a target species.
Alongside developments in hyperspectral data acquisition, research focusing on the development of techniques for analyzing vegetation spectra in order to quantify pigment concentrations has been intensifying (Blackburn 2007) . However, in order to extract pigment information, a range of other factors that also influence vegetation reflectance spectra must be taken into account (Blackburn 2007) . Leaf reflectance can vary independently of pigment concentration due to differences in parameters such as leaf thickness and surface characteristics (e.g., hairs and waxes) (Sims and Gamon 2002; Levizou et al. 2005) . Thus, the relationships between the spectrum and the chlorophyll content must be determined for each species of interest if more accurate quantification is required.
Studies on the estimation of leaf chlorophyll content from absorptance spectra in the field are extremely scarce. Richardson et al. (2002) hypothesized that instruments that estimate chlorophyll content by directly measuring the amount of radiation absorbed should be able to give better estimates of chlorophyll content than those that rely on reflectance measurements. However, they did not assess the performance of absorptance spectra per se, only the performances of two hand-held chlorophyll meters, CCM-200 (Opti-Sciences Inc., USA) and SPAD-502, which are regarded as chlorophyll transmittance meters. Therefore, the potential use of absorptance spectra in this context should be investigated further.
In the present study we aimed to find the optimal indices for estimating the leaf chlorophyll contents of two flowering cherries in the field by measuring reflectance or absorptance spectra, and to then examine the performance of the optimal species-specific chlorophyll indices by comparing it with the performances of published chlorophyll indices and SPAD.
Methods

Sample collection
In the present study we focused on two flowering cherries: Cerasus jamasakura (Siebold ex Koidz.) H. Ohba var. jamasakura (also known as Prunus serrulata Lindl. var. spontanea (Maxim.) E. H. Wilson or Prunus jamasakura Siebold ex Koidz.) and Cerasus 9 yedoensis 'Someiyoshino' (also known as Prunus 9 yedoensis Matsum. cv. Yedoensis).
C. jamasakura is a most familiar wild cherry tree that is known in English as the Japanese mountain cherry and in Japanese as the yama-zakura. It is a deciduous tree that grows in Honshu (Pacific Ocean side westward from Miyagi Prefecture, and Sea of Japan side westward from Niigata Prefecture), Shikoku and Kyushu. It is also extensively cultivated as an ornamental plant. Its five-petaled flowers are pale pink and the petals are about 1.1-1.9 cm long. The young leaves are brownish-red to red in color, thus presenting a harmonious landscape with the flowers. The mature leaves are 8-12 cm long and 3-4.5 cm wide; their upper surfaces have sparse hairs when young, while their lower surfaces are glaucous (Ohba 2001; Ohba et al. 2007) .
C. 9 yedoensis is the most common flower cherry. It is known in English as the Potomac cherry or the Yoshino cherry blossom tree, and in Japanese as the Somei-yoshino, and is considered to be derived from a hybrid between Cerasus speciosa (Koidz.) H. Ohba and Cerasus spachiana Lavallée ex E. Otto f. ascendens (Makino) H. Ohba. It is a deciduous tree and is widely cultivated across the country. Although it is usually believed to show no variation because it is vegetatively propagated by grafting, individual variations of C. 9 yedoensis are observed in terms of flowering period and petal color (Iwasaki 1990a, b) . Its five-petaled flowers are pale pink and its petals are about 1.5 cm long. The abundant pink flowers appear before the leaves. The mature leaves are 7-11 cm long and 4-6 cm wide; both of their surfaces are glabrous or possess sparse hairs, while the lower surface is pale green (Ohba 2001; Ohba et al. 2007 ).
We collected a total of 96 and 100 leaf samples for C. jamasakura and C. 9 yedoensis on July 24 and 28, 2008, respectively, from four famous cherry-tree sites, Lake Biwa Canal in the Okazaki and Yamashina areas, Maruyama Park and the Path of Philosophy in Kyoto City, Japan. Sample leaves were preliminarily selected by visual evaluation of the leaf color in order to ensure that a wide range of chlorophyll content levels were covered in the study. After collection, the samples were immediately treated to make sure that they retained water, and they were stored in cool and dark conditions.
Spectral measurements and chlorophyll content determination
Within a few hours of collection, all of the samples were processed in a laboratory as described below. Reflectance and absorptance spectra of leaves at wavelengths ranging from 325 to 1,075 nm were measured using the FieldSpec HandHeld spectroradiometer with 10 mm spot size plant probe and leaf clip attachments (Analytical Spectral Devices Inc., USA). The spectral sampling interval was 1.6 nm and the spectral resolution was about 3.5 nm half-bandwidth. The output from the device was a spectrum with 1 nm intervals obtained by interpolation. The spectroradiometer attachments make it easy to measure leaf reflectance and transmittance, and thus absorptance spectra, using white and black background standards on the leaf clip head. Although the transmittance and absorptance spectra obtained are approximate, as the transmittance spectrum is calculated from the difference between measurements made with the white and black background standards, we considered that it is more realistic for performing nondestructive measurements in the field than using an integrating sphere. For each leaf measurement, the scan was repeated 15 times and the mean spectrum was recorded.
Additionally, three separate measurements were made with a commercial hand-held chlorophyll meter, the SPAD-502, on each leaf at the same position as the leaf spectra measurements. This meter weighs 225 g, has a 0.06 cm 2 measurement area, and calculates an index in SPAD units based on transmittance at around 650 and 940 nm (Markwell et al. 1995) . The claimed accuracy of the SPAD-502 is ±1.0 SPAD units. We used the mean of the three measurements for subsequent analysis.
Immediately after the SPAD measurements, one 15 mm diameter disc was punched from the same position on each leaf, cut into halves, and extracted with 2 mL N,N 0 -dimethylformamide (DMF) for one night at 4°C. Chlorophyll absorbance was measured with the NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific Inc., USA), and chlorophyll concentrations were determined by the formulae of Porra et al. (1989) .
Data preparation
To remove the noise from the reflectance and absorptance spectra, the Savitzky-Golay convolution filter was applied with a 17-point moving window and a fourth-degree polynomial. Additionally, first and second derivative spectra were derived directly using the filter (Savitzky and Golay 1964) . The derivative spectra were studied as they provide special information for detecting vegetation stress (Curran et al. 1990; Imanishi et al. 2004 Imanishi et al. , 2007 . Only wavelengths from 400 to 1,000 nm were analyzed in the subsequent analysis for computation efficiency, as the edges of the measured spectra contain greater noise due to the nature of the sensor (the noise-equivalent delta radiance is less than 7.0 9 10 -8 W cm -2 nm -1 sr -1 from 400 to 1,000 nm according to the manufacturer's technical guide) and the fact that the illumination in the plant probe comes from a halogen light bulb (which is less intense below 400 nm and over 1,000 nm).
Finding the species-specific optimal indices
We tested the following eight types of indices:
T5) ratio type with the third band (V 1 -V 3 )/(V 2 -V 3 ) (T6) normalized difference type with the third band
(T8) difference and ratio combination type
where V 1 , V 2 and V 3 represent values of reflectance or absorptance in the spectra, or their first or second Landscape Ecol Eng (2010) 6:219-234 221 derivative spectra, at different wavelengths, while k 1 and k 2 in T7 indicate different wavelengths (k 1 \ k 2 ). T8 is original in the present study, while the others were obtained from a literature review of estimating leaf chlorophyll content using optical remote sensing. While the first four are well-known basic types, T5 and T6 have recently been recognized as modified types of T3 and T4 that utilize correction terms of the third band to remove constant additive effects due to leaf surface differences from spectra (Sims and Gamon 2002) . T7 is related to the area between two wavelengths. Although it has not been studied in depth in previous studies, this type seemed to have potential because part of the spectrum commonly increases or decreases during chlorophyll degradation, and using several continuous bands would seem to be a more stable approach than using a single type (T1). T8 was developed in the present study based on the idea that combining the two basic types-difference and ratio types-should produce better results and remove both additive and multiplicative effects (possibly caused by individual leaf surface and structural differences or illumination changes during spectral measurements) from spectra.
To select optimal chlorophyll indices for Chl a ? b, Chl a and Chl b of the two flowering cherries, all combinations of wavelengths (bands) at 5 nm intervals were tested for the eight types of indices. Linear, second-degree polynomial and exponential functions were fitted to a data set of index values and laboratory-determined chlorophyll contents, and tenfold cross-validated root mean square errors (cvRMSEs) were calculated. We then selected the optimal index and the fitting function that gave the lowest cvRMSE. We also derived the cross-validated R squared (cvR 2 ) at the same time. Three cases were assumed for the number of bands available when selecting the optimal indices, as it is sometimes important to reduce the number of bands required, for example when developing a low-cost hand-held device: (1) all bands are available, as in hyperspectral data, so that derivative spectra can also be derived; (2) only three bands are available, and; (3) only two bands are available, as in the hand-held chlorophyll meter SPAD-502.
In order to understand the mechanism that allows the selected indices to explain variations in chlorophyll content, the cvR 2 values of components of the indices were analyzed. We defined a primary element as a component that separately has greater than or equal to 80% of cvR 2 of the chlorophyll index, and a secondary element as a component that separately has less than 80% of the cvR 2 of the chlorophyll index.
Assessing the performances of the published chlorophyll indices and SPAD A total of 46 published chlorophyll indices were obtained from the literature review (cf. Tables 3, 4). All of the published indices were based on reflectance and its derivative spectra, and none of them utilized absorptance spectra. The performances of the published indices and SPAD were assessed by calculating the tenfold cvRMSE and cvR 2 using the same method as described above.
Results
Sampled leaves
The chlorophyll contents determined by the DMF extraction ranged from 61.9 to 544.3 mg m -2 for Chl a ? b, 52.1 to 436.9 mg m -2 for Chl a and 9.7 to 129.8 mg m -2 for Chl b in C. jamasakura, and from 191.6 to 663.6 mg m -2 for Chl a ? b, 140.4 to 515.0 mg m -2 for Chl a and 37.6 to 151.1 mg m -2 for Chl b in C. 9 yedoensis. The means and standard deviations of Chl a/b were, respectively, 3.8 ± 0.9 in C. jamasakura and 3.6 ± 0.6 in C. 9 yedoensis. The Pearson correlation coefficients between Chl a and Chl b were 0.933 in C. jamasakura and 0.908 in C. 9 yedoensis.
Change in leaf spectra corresponding to chlorophyll content Overall, the response of the spectrum to chlorophyll content was similar for the two flowering cherries (Figs. 1, 2). In the reflectance spectra (Figs. 1a, 2a) , the response of the green peak around 550 nm seemed straightforward: an increase in chlorophyll content led to a decrease in reflectance. However, the change of the near-infrared region (NIR) with chlorophyll content was unstable. In first-derivative reflectance spectra (Figs. 1b, 2b), a blue shift of the red edge was observed: the peak at around 700 nm shifted to shorter wavelengths as the chlorophyll content decreased. In second-derivative reflectance spectra (Figs. 1c, 2c) , the peak heights and the depths of the troughs generally increased as the chlorophyll content dropped. The changes observed in the absorptance spectra and their derivative spectra (Figs. 1d-f, 2d-f) in response to chlorophyll content were similar to those seen in the reflectance spectra on the whole, but with the opposite trends; i.e., peaks in reflectance correspond to troughs in absorptance spectra and vice versa.
The amplitudes of the peaks and troughs were smaller in C. 9 yedoensis than in C. jamasakura, and tended to decrease with increasing chlorophyll content per area. The reflectance and absorptance in the red region around 680 nm appeared saturated beyond about 300 mg m -2 of Chl a ? b for both flowering cherries.
Performances of the species-specific chlorophyll indices
The cvR 2 values of the selected optimal chlorophyll indices were high, 0.963-0.861 in C. jamasakura and 0.903-0.770 in C. 9 yedoensis (Tables 1, 2 ). However, it had a lower value for Chl b than for Chl a ? b or Chl a, and for C. 9 yedoensis than for C. jamasakura. The optimal indices gave equivalent performances for reflectance and absorptance spectra in terms of cvR 2 and cvRMSE (Tables 1, 2 ; also see Figs. 3, 4) . When the number of available bands was increased from two to more bands, both cvR 2 and cvRMSE improved (Tables 1, 2 ). The optimal indices when three bands were available were the same as the optimal indices when all bands were available for estimating Chl a ? b and Chl a of C. jamasakura in reflectance spectra (these were also identical between Chl a ? b and Chl a) and Chl a ? b and Chl a of C. 9 yedoensis in absorptance spectra. The newly proposed type-difference and ratio combination type (T8)-was selected in four (two in reflectance and two in absorptance) of the 12 cases that use three or more bands for C. jamasakura, and in ten (four in reflectance and six in absorptance) of the 12 cases for C. 9 yedoensis.
Primary elements were located at 615, 620 and 645 nm (unsaturated red region) and 725 and 745 nm (red edge region) in reflectance indices for C. jamasakura, at 530 and 540 nm (green region), 635 nm (unsaturated red region) and 690, 695, 700, 715, 725 Fig. 1 Five representative leaf spectra of C. jamasakura corresponding to different levels of chlorophyll a ? b content per area. a Reflectance spectra, b first-derivative reflectance spectra, c second-derivative reflectance spectra, d absorptance spectra, e firstderivativeabsorptance spectra, f second-derivative absorptance spectra Landscape Ecol Eng (2010) 6:219-234 223 in absorptance indices for C. jamasakura, at 570 and 585 nm (yellow region) and 705, 720 and 755 nm (red edge region) in reflectance indices for C. 9 yedoensis, and at 520, 540, 550 and 560 nm (green region) and 700, 710 and 765 nm (red edge region) in absorptance indices for C. 9 yedoensis (Tables 1, 2 ). The chlorophyll indices that only consisted of secondary elements, which means that combining elements explained significantly more of the chlorophyll variation than single elements, made use of wavelengths at 730 nm (red edge region) and 810 nm (NIR) in a reflectance index for C. jamasakura, and at 565 and 575 nm (yellow region), 735 and 740 nm (red edge region) and 770, 830, 845 and 855 nm (NIR) in four reflectance indices for C. 9 yedoensis (Tables 1, 2 ). All five reflectance indices included a wavelength in the NIR.
Performances of the published chlorophyll indices and SPAD None of the published indices exceeded the performance of the optimal species-specific chlorophyll indices (Tables 3,   400  500  600  700  800 Fig. 2 Five representative leaf spectra of C. 9 yedoensis corresponding to different levels of chlorophyll a ? b content per area. a Reflectance spectra, b first-derivative reflectance spectra, c second-derivative reflectance spectra, d absorptance spectra, e firstderivative absorptance spectra, f second-derivative absorptance spectra 4). The reflectance ratio index of Datt (1999) (hereafter Datt's RI) ranked first for Chl a ? b and Chl a in C. jamasakura and ranked third for Chl a ? b and Chl a for C. 9 yedoensis among the tested published indices. The first-derivative ratio index of Datt (1999) , The cvR 2 values were lower for Chl b than for Chl a ? b or Chl a, and for C. 9 yedoensis than for C. jamasakura (Tables 3, 4) . The ranks of Chl a ? b and Chl a within an index were mostly similar, but the rank of Chl b was somewhat different from them. The published indices that were originally related to Chl b were not necessarily good indicators for estimating the content of Chl b.
Discussion
The species-specific indices developed in the present study were superior to any published indices or SPAD for estimating the leaf chlorophyll contents of C. jamasakura (Tables 1, 3 ) and C. 9 yedoensis (Tables 2, 4 ). In the A primary element separately has C80% of cvR 2 of the chlorophyll index, whereas a secondary element has \80% of the cvR 2 R k , fR k , sR k : reflectance, and first and second derivatives of the reflectance spectrum at k nm, respectively, A k , fA k , sA k : absorptance, and first and second derivatives of the absorptance spectrum at k nm, respectively
Landscape Ecol Eng (2010) 6:219-234 225 species-specific indices, the wavelengths in the yellow and unsaturated red regions (570-645 nm in the present study) and the red edge region (705-755 nm) were selected as primary elements in reflectance indices, and wavelengths in the green region (520-560 nm) and the red edge region (690-765 nm) were selected in absorptance indices (Tables 1, 2) . Therefore, these wavelengths were deemed especially important for estimating leaf chlorophyll content. These findings were in line with the results of previous studies on reflectance spectra (Carter 1994; Gitelson and Merzlyak 1994; Datt 1998; Maccioni et al. 2001; Richardson et al. 2002; Blackburn 2007) . On the other hand, the violet (400 nm in the present study) and blue (455 nm) regions and the NIR (beyond 770 nm) were only selected as secondary elements of the optimal indices, and were ineffective when used separately because the spectral change corresponding to chlorophyll content was unstable in these regions (Figs. 1, 2 ; Tables 1, 2). However, NIR was deemed effective when used in combination with the yellow or red edge regions, as the five reflectance indices were significantly improved by NIR (Tables 1, 2 ). It is probable that NIR effectively removed the effects of measurement errors such as changes in illumination, because it is not directly related to the absorption performed by chlorophyll, and it contains relatively low levels of noise compared to the violet or blue regions in the reflectance spectra, as it shows high reflectivity from leaves.
Wavelengths in the violet or blue regions were utilized in the indices that utilized three or more bands (Tables 1,  2) , and were likely to play a supplementary role in reducing the effect of individual differences in leaf surfaces. This is because, for example, measurements at 445 nm have been proposed as a method of compensating for high leaf surface (specular) reflectance, which tends to increase reflectance across the whole visible spectrum (Sims and Gamon 2002) . A primary element separately has C80% of cvR 2 of the chlorophyll index, whereas a secondary element has \80% of the cvR 2 R k , fR k , sR k : reflectance, and first and second derivatives of the reflectance spectrum at k nm, respectively, A k , fA k , sA k : absorptance, and first and second derivatives of the absorptance spectrum at k nm, respectively
The newly proposed type-the difference and ratio combination type (T8)-seemed effective, as it was selected as the optimal chlorophyll index in four of the 12 cases that used three or more bands for C. jamasakura, and in ten of the 12 cases for C. 9 yedoensis (Tables 1, 2 ). This type is new in terms of the utilization of the third band, which has previously only been used to remove unwanted effects from the other two bands (i.e., in T5 or T6), whereas T8 combines the difference and ratio types and uses the third band as an individual variable. Note that the numerator of T6 is simplified by combining terms. Although T8 may be expected to remove both additive and multiplicative effects on the spectra, it was unclear whether it was always successful. The applicability of the new index type needs to be examined further.
The characteristics of spectral change in response to chlorophyll content were basically similar between the reflectance and absorptance spectra on the whole, but the peaks and troughs were interchanged (Figs. 1, 2) . The performances of the reflectance and absorptance indices were almost equivalent for both flowering cherries (Tables 1, 2 ). Although Richardson et al. (2002) hypothesized that absorptance should be able to give better estimates of chlorophyll content than reflectance, the difference between the reflectance and absorptance indices was small in the present study (Tables 1, 2) . Among the published chlorophyll indices, Datt's RI and Ciganda's RECI were found to be most useful for estimating the leaf chlorophyll contents of both flowering cherries (Tables 3, 4 ). Datt's RI was developed to estimate the leaf chlorophyll contents of several Eucalyptus species (Datt 1999) . Datt (1999) argued that this index effectively removes the additive and multiplicative scatter components because it maintained identical correlation coefficients and RMSEs regardless whether the multiple scatter correction was applied. Datt's RI also yielded satisfactory results in the study of le Maire et al. (2004) that aimed to develop universal broad leaf chlorophyll indices. The result of the present study further supports the performance of Datt's RI.
Ciganda's RECI was developed from reciprocal reflectance (Giltelson et al. 2003) . A constant of -1 was originally employed to make the index for Chl a ? b intercept at close to zero (Giltelson et al. 2003) . Nevertheless, the form of Ciganda's RECI is actually similar to that of the ratio type (T3) except for the fact that it uses broader spectral bands. The ratio of the reflectances in the NIR and the red edge region may be a successful type of index because two-band ratio-type optimal reflectance indices are all similar to Ciganda's RECI in this respect (Tables 1, 2 ). Datt (1998) The list was sorted by rank based on cvRMSE for Chl a ? b R k , reflectance at k nm; fR k , first derivative of reflectance spectrum at k nm; sR k , second derivative of reflectance spectrum at k nm; fR G , maximum of the first derivative of the reflectance spectrum in the green region at around 525 nm; in the present study we derived a maximum between 500 and 550 nm; fR RE , maximum of the first derivative of the reflectance spectrum in the red edge region; in the present study we derived a maximum between 680 and 750 nm; red edge position, wavelength of the maximum of the first derivative of the reflectance spectrum in the red edge region; in the present study we derived the wavelength of the maximum between 680 and 750 nm; R k1 -k2 , mean reflectance from k1 to k2
nm; R rm , minimum of the reflectance spectrum in the red region near 675 nm; in the present study we derived the minimum between 650 and 700 nm Table 4 Performances of 46 published indices and SPAD in estimating the leaf chlorophyll content of C. The list was sorted by rank based on cvRMSE for Chl a ? b R k , reflectance at k nm; fR k , first derivative of the reflectance spectrum at k nm; sR k , second derivative of the reflectance spectrum at k nm; fR G , maximum of the first derivative of the reflectance spectrum in the green region at around 525 nm; in the present study we derived the maximum between 500 and 550 nm; fR RE , maximum of the first derivative of the reflectance spectrum in the red edge region; in the present study we derived the maximum between 680 and 750 nm; red edge position, wavelength of the maximum of the first derivative of the reflectance spectrum in the red edge region; in the present study we derived the wavelength of the maximum between 680 and 750 nm; R k1-k2 , mean reflectance from k1 to k2 nm; R rm , minimum of the reflectance spectrum in the red region near 675 nm; in the present study we derived the minimum between 650 and 700 nm SPAD did not perform better than the optimal speciesspecific chlorophyll indices and the most commonly published indices (Tables 3, 4 ). The cvRMSEs of SPAD were about twice as large as those of the optimal indices in the present study (Tables 1, 2, 3 and 4) . SPAD-502 may not use the best wavelengths because it was initially designed to diagnose the nitrogen status of a rice plant (Oryza sativa L.) in Japan (Wang et al. 2004) .
It was more difficult to estimate leaf chlorophyll content in C. 9 yedoensis than in C. jamasakura (Tables 1, 2, 3 and 4). This is probably because the chlorophyll content per area tended to be higher in C. 9 yedoensis due to its leaf thickness: the specific leaf areas of C. jamasakura and C. 9 yedoensis were 137.2-173.3 and 112.1-128.8 cm 2 g -1 , respectively, in the experiment performed in the Yamashina area on 6 September 2003 (unpublished data). Small changes in the amplitudes of peaks and troughs in the reflectance and absorptance spectra caused by high chlorophyll contents (Figs. 1, 2) were thought to make estimation difficult. In fact, the reflectance and absorptance at 680 nm were saturated above about 300 mg m -2 of Chl a ? b in the present study (Figs. 1, 2) . A thicker leaf may lead to a greater estimation error caused by the sieve effect (i.e., heterogeneous distribution of absorbing pigments) and the detour effect (i.e., increased probability of light absorption due to lengthening of the light path through a leaf by internal reflection, refraction and scattering) (Buschmann and Nagel 1993) .
It was also more difficult to estimate Chl b than Chl a ? b or Chl a (Tables 1, 2, 3 and 4) . Distinguishing between Chl a and Chl b via the chlorophyll indices was problematic. This is illustrated by the facts that the published indices that were originally related to Chl b were not necessarily good estimators of Chl b (Tables 3, 4 ) and the optimal reflectance indices for Chl a ? b and Chl a of C. jamasakura were identical (Table 1) . Possible reasons for this are that levels of Chl a were about 3.6-3.8 times greater than those of Chl b on average, and that Chl a and Chl b were highly correlated.
Conclusions
In the present study, we performed nondestructive spectral measurements in the field and systematically developed optimal leaf chlorophyll indices for C. jamasakura and C. 9 yedoensis by testing eight types of indices, including a new one. As a result, we confirmed that the selected species-specific chlorophyll indices performed better than any of the published leaf chlorophyll indices or SPAD, giving cvRMSEs that were about twice as good as those obtained using SPAD, and we found that the newly proposed type-a difference and ratio combination type-may be a useful method of chlorophyll content estimation. We also found that absorptance indices achieved comparable results to reflectance indices despite the hypothesis that absorptance measurement is direct and has more potential. Among the published indices, Datt's RI and Ciganda's RECI were especially effective at estimating the leaf chlorophyll contents of both flowering cherries, whereas SPAD was not a better indicator of chlorophyll contents than these indices. Difficulties in estimating the chlorophyll contents of thicker leaves and in distinguishing between Chl a and Chl b were also revealed.
